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ABSTRACT: Food and market waste (FMW) is one of the most abundant unrecycled products which poses waste
management issues and negative environmental impacts. Thermo-catalytic reforming (TCR) is a pyrolysis based technology
which can convert a wide range of biomass wastes into energy vectors bio-oil, syngas, and char. This paper investigates the
conversion potential of FMW into sustainable biofuels. The FMW was processed using a laboratory scale 2 kg/h TCR reactor.
The process produced 7 wt % organic bio-oil, 53 wt % permanent gas, and 22 wt % char. The bio-oil higher heating value
(HHV) was found to be 36.72 MJ/kg, comparable to biodiesel, and contained a low oxygen content (<5%) due to cracking of
higher molecular weight organics. Naphthalene was detected to be the most abundant aromatic compound within the oil, with
relative abundance of 12.95% measured by GC-MS. The total acid number of the oil (TAN) and viscosity were 11.7 mg KOH/
g and 6.3 cSt, respectively. The gross caloriﬁc value of the produced biochar was 23.64 MJ/kg, while the permanent gas showed
a higher heating value of approximately 17 MJ/Nm3. Methane (CH4) was found to be the largest fraction in the permanent
gases reaching over 23%. This resulted either due to the partial methanation of biosyngas over the catalytically active FMW
biochar or the hydrogenation of coke deposited on the biochar in the post reforming stage.
1. INTRODUCTION
Concerns over security and energy demand, together with the
impact of CO2 emissions from fossil fuel usage, contributing
toward climate change are driving the need to ﬁnd sustainable
and alternative energy sources.1,2
Biofuels are considered to be one of the most eﬃcient routes
for reducing transportation carbon emissions and dependence
on fossil fuels.3 Among the many possibilities for biofuel
production and supply, fuels from food waste can counteract
the accumulation of unrecycled product from various food
industries; thus addressing two environmental impacts
concurrently.4,5 Food waste originates from various segments
of the food supply chain. It includes generation from the food
production industry (postharvest residuals such as fruit and
vegetable residuals); food processing and packaging (wastes
from breweries, slaughterhouses, vegetable peels, etc.);
distribution and marketing (supermarket expired food, etc.),
and the consumption sector (kitchen waste, meal leftovers,
etc.).6
According to a report from the Intergovernmental Panel on
Climate Change (IPCC), a large fraction (45%) of the total
municipal solid waste (MSW) collected in Europe is food
waste.7 According to the estimation of the FAO (Food and
Agricultural Organization), approximately 1.3 billion tons of
food is wasted every year which is about one-third of the food
produced globally.8 In the United States (US), the average
annual food waste feedstock resource estimates around 14
million tons.9 Although, substantial measures have been taken
to cut down the magnitude of food waste; it is still predicted to
rise by 1.1 million tons by 2025.10
Food waste is a global problem which poses detrimental
economic, social, and environmental impacts. UK food waste is
a heavy source of global greenhouse gas emissions (GHG) of
over 20 million tons, of which three-quarters arise in the UK.
In developed countries, it is a serious matter for which
sustainable methods for waste management have been
legislated. In the UK, the food waste hierarchy has been
deﬁned to prevent and minimize its impact.11
On the other hand, despite posing disposal and environ-
mental challenges, food waste can prove to be a sustainable
source of energy. Food and market waste has attracted a lot of
attention due to its rich organic composition. It has an energy
content which can be converted into value-added products
such as biochemicals, materials, enzymes, and biofuels.
Valorization of food waste into biofuel is in greater demand
than its conversion to chemicals.8
The methods prevalent for food waste disposal are
landﬁlling, incineration, composting, and anaerobic digestion
(AD). Landﬁlling is the most unwanted method that leads to
signiﬁcant emissions of methane, odor, and landﬁll leachate
(liquid); all of which cause social, environmental, and health
problems. Incineration is an old management technique to
dispose of solid wastes which can reduce substantial volumes
(80−85%) of solid waste by combustion. Furthermore,
incineration generates heat which is used for energy purposes
in the process industry. However, if uncontrolled combustion
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can lead to higher carbon emissions than advanced thermal
conversion processes (gasiﬁcation and pyrolysis).8
Composting and anaerobic digestion are the two popular
waste treatment methods which keep food waste out of
landﬁlls. Both methods work by biological degradation of the
organic matter. Composting occurs in aerobic conditions and
produces compost as the ﬁnal product.7 Composting is popular
because it produces a fertilizer for soil treatment. However, this
technique also comes with shortcomings such as the release of
leachate, NH3, greenhouse gases, odor, etc.
12 AD turns
biomass into biogas and digestate in a controlled anaerobic
atmosphere. The resultant biogas is a high source of energy
with 60−70% methane along with CO2 (30−40%) and other
traces, while the nutrient-rich digestate can act as a soil
enhancer (fertilizer). Although, AD is an established waste
management method for sewage sludge, wastewater, animal
manure, but anaerobic digestion of food waste has caused
some operational demerits. Low methane yield, process
instability due to accumulation of volatile free fatty acids
(FFAs); digester foaming due to high protein and lipid
contents; and low buﬀer capacity owing of rapid digestion of
volatile fatty-acids.6 Furthermore, in some regions where land
spreading of digestate waste is prevalent, soils can become over
saturated with nutrients. Certain regions in Europe have now
prohibited further land spreading of digestate in order to
control nutrient concentrations entering the soil, this leads to
farmers transporting digestate over longer distances for
disposal.13 To address these aforementioned issues, a
sustainable and productive method is needed.
Production of bio-oil by intermediate pyrolysis,14,15 fast
pyrolysis,16,17 hydrothermal liquefaction,18 or gasiﬁcation19
and subsequent Fischer−Tropsch synthesis20 are the main
thermochemical technologies to convert wastes or biomass
into liquid hydrocarbons. Thermo-catalytic reforming (TCR)
is a new technology which is a combination of intermediate
pyrolysis and postcatalytic reforming. This process contains
two essential steps: (1) intermediate pyrolysis where the
thermal heating and degradation of biomass occurs under the
complete absence of oxygen, at intermediate heating rates and
solid residence times (minutes) and (2) the reforming stage
where the catalytic cracking of vapors occurs at elevated
temperatures to promote the formation of synthesis gas and
organic vapors, which when condensed, yield deoxygenated
bio-oils with superior physical and chemical fuel proper-
ties.21,22 The TCR is capable to produce H2 rich syngas, low
oxygenated liquid fuel, and high energy dense char. The H2
rich syngas is an attractive option for combined heat and
power (CHP) applications or H2 separation for use in fuel
cells; the bio-oil can be used directly in stationary engines and
heavy duty machinery or further upgraded to transport fuels;
and the char can be applied as a soil enhancer or as a feedstock
for combustors and/or gasiﬁers to generate energy.
The objective of this work was to investigate the sustainable
biofuel potential of food and market waste via thermo-catalytic
reforming. The TCR derived bio-oil, syngas and char were
studied for their physical and chemical characteristics to
determine their viability to be used as renewable fuels.
Figure 1. Process path ﬂow diagram (PFD) of the TCR (2 kg/h) plant.
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2. MATERIALS AND METHODS
2.1. Raw Material. Food and market waste (FMW) was collected
from canteens, restaurants, fast-food restaurants, hotels, etc.
(industrial gastronomy sector) as well as supermarkets (e.g., packed
food) by a waste logistics company (Betz Entsorgung GmbH & Co)
in Germany. About 230 kg FMW was received by the University of
Birmingham and subsequently preconditioned (dried and pelletized)
before thermal conversion. Due to the heterogeneous nature of FMW,
this feedstock is highly variable in composition. Therefore, it must be
noted that processing of this type of waste is highly dependent on the
type of pretreatment involved and the scale at which it is processed.
The results obtained from this study are not necessarily fully
reprehensive of FMW in general or/from FMW obtained from
diﬀerent sources. As received FMW was in a slurry state containing
over 80% moisture content. Due to excessive water in its raw state, it
was mandatory to condition it by tray drying and pelletization prior to
thermo-chemical processing. The raw FMW was dried using a
Memmert UF750 oven at 80 °C for 4 h in multiple batches of no
more than 10 kg each. The dried FMW reached a ﬁnal average
moisture content of 13 wt % and was shredded with HECHT-6420
garden shredder and pelletized using DORN-TEC PTE 50 pelletizer.
All three prerequisites for the TCR processing were fulﬁlled on site.
The ﬁnal pellets were approximately 1.5 cm long and 0.7 cm mean
diameter.
2.2. Experimental Setup. FMW was processed through a pilot
scale TCR system (2 kg/h) located in Fraunhofer UMSICHT,
Germany.23 The system consists of a feed tank with 7 L capacity, two
reactors (auger and postreformer connected to each other in series),
and a cooling and gas ﬁltration system. The process path ﬂow diagram
of the TCR system is shown in Figure 1. The ﬁrst reactor being the
intermediate reactor was operated at 450 °C, while the second reactor
being a reformer operated at a high temperature of 700 °C. The total
reactor length was 1000 mm which transferred the feedstock by
means of an augur (ID of screw 80 mm) with an average solid
residence time between 10 and 20 min. The whole system was purged
with nitrogen to create an inert atmosphere before feeding the
material into the reactors. The FMW was ﬁrst pyrolyzed into an auger
reactor, while the screws moved the material into the second stage
post reformer.
The reaction started with no biochar. The biochar is formed during
the reaction through the auger reactor section and is conveyed into
the post reformer. Intermediate pyrolysis gases (organic vapors) are
catalytically cracked within the reformer and enter the cooling system.
The char eﬀectively acts as a sacriﬁcial catalyst. The weight hourly
space velocity (WHSV) of FMW was estimated to be 1.3 1/h that is
deﬁned as the weight of feed per hour/weight of char (catalyst).24
The condensable organic vapors were condensed in two steps; ﬁrst
through a shell and tube heat exchanger circulating water as a cooling
medium (cooling medium water glycol mixture cooled to −5 °C),
second by means of an ice bath cooler. The incondensable gas entered
the gas ﬁltration system comprising of two wash bottles; one
containing the aqueous phase and the second ﬁlled with cotton wool
for aerosol capture. The cleaned permanent gas was detected by a gas
analyzer and ﬂared.
2.3. Analytical Methods and Measurements. Proximate
analysis and ash content of the feedstock was calculated.
Thermogravimetric analysis (TGA) using NETZSCH TG 209 F1
was done to determine the ﬁxed carbon and volatiles according to
ASTM E1131-03, while the ash and moisture content were calculated
in line with ASTM E1755-01 and ASTM E1756-08 respectively, using
a CARBOLITE muﬄed furnace. Inductively coupled plasma (ICP)
metal analysis of ash was done by Medac Ltd.
Ultimate analysis (CHNSO*) of the raw material, biocrude oil and
biochar along with caloriﬁc values were performed by an external
company Medac Ltd. The oxygen was calculated by diﬀerence (100%
− ∑(CHNS + ash)).
The fuel properties, water content, TAN (total acid number), and
viscosity of the TCR crude oil were determined by Monition Oil. The
water content, TAN, and viscosity were measured in line with ASTM
D1744, ASTM D664, and ASTM D445, respectively. The gas
composition was analyzed using an online gas detection system
(MGA 12 from Dr. Födisch Umweltmesstechnik AG, Germany). The
system was calibrated prior to the experiments, which consists of an
infrared photometer (CO, CO2, CH4, CxHy), an electrochemical cell
(O2), and thermal conductivity detector (H2). The caloriﬁc value and
density of the gas were measured with an online gas calorimeter
Union Instruments CWD 2005.
2.4. GC-MS Analysis. GC-MS analysis was carried out using an
Agilent A7890 gas chromatograph followed by a Waters Micromass
Ltd. GCT Premier Mass Spectrometer. A ZB5 Phenomenex column
(30 m × 0.25 mm × 0.25 μm) was used for the analysis of the bio-oil.
The gas chromatograph used for separation had a split ratio (1:10)
using helium as a carrier gas with the ﬂow rate of 1 mL/min. The
initial temperature of oven was 50 °C and ramped up to 300 °C with
a heating rate of 2.5 °C/min. A bio-oil sample was diluted in
dichloromethane solution. The bio-oil compounds were identiﬁed by
library searches (NIST libraries) and mass spectra evaluation.
3. RESULTS AND DISCUSSION
3.1. Feedstock Characterization. The proximate and
ultimate analysis (determined on a moisture-free basis) of the
FMW used in the TCR experiments are shown in Table 1. The
carbon, oxygen, and hydrogen contents are comparable to
sewage sludge ultimate composition presented by Vassilev et
al.25 Due to high carbon and hydrogen contents, the dried food
and market waste resulted in a gross caloriﬁc value of 23.25
MJ/kg which is comparable to sub-bituminous coal (24.4 MJ/
kg). The fraction of volatile matter (VM) was also high up to
77% which is almost identical to the average composition of
mixed waste paper 76.8%.25
Thermogravimetric (TG) analyses show mainly four stages
of material loss (Figure 2). The initial weight loss began with
the dehydration step where moisture was eliminated from the
FMW between 30 and 105 °C (stage one). The second and
third stages correspond to the decomposition of hemicellulose
and cellulose, respectively.26 They represent together the major
mass loss indicated by the devolatilization of organic matter
between 150 and 400 °C. The last peak on the DTG (stage
four) is the devolatization of polymers that occurs at
temperatures over 400 °C.27 The mass left behind is the
char consisting of ﬁxed carbon and ash. The mass of ash was
determined from TGA combustion with an air atmosphere.
The ﬁnal ash content was 4.61 wt %.
3.2. Mass and Energy Balance. The mass balance has
been calculated through standard eqs 1 and 2 and is shown in
Figure 3a.
Table 1. Feedstock Characterization
unit value
Ultimate Analysis (Moisture Free Basis)
C wt % 50.24
H wt % 7.96
N wt % 2.92
S wt % <0.10
O (diﬀerence) wt % 34.18
Proximate Analysis (Dry Basis)
moisture wt % 13.09
ash wt % 4.61
ﬁxed carbon wt % 5.12
volatiles wt % 77.18
HHV MJ/kg 23.25
LHV MJ/kg 23.08
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∑ ∑=mass in mass out (1)
∑ ∑= + + ‐
+ +
FMW (gas char condensate(bio oil
aqueous phase) losses) (2)
After the reaction, the products were completely accounted
for, the residual mass loss is assumed to be negligible.
Following the previous trends for product distribution reported
in the TCR processing of wastes (MSW, digestate),21,28 the
FMW process produced permanent gases as the largest fraction
(53 wt %). This is essentially due to thermal cracking of
pyrolysis vapors at an elevated temperature in the post
reformer which results in higher permanent gas yields.21 The
condensate liquid yield was 25 wt % of which 7 wt % oil was
obtained after gravity separation and 18 wt % was aqueous
phase liquid. The remaining char equated to 22 wt % and was
the second largest product fraction in the process. This
product distribution order is also in line with the catalytic
pyrolysis of food waste by microwave heating which produced
gas and char as the two greater fractions respectively. However,
the reported mass balance is not comparable due to completely
diﬀerent processing mode and equipment.12 Figure 3a also
presents the energy distribution of the products calculated by
the higher heating value (HHV) of the products and the mass
balance of the process. The energy distribution showed that
the energy was mainly transferred to the gases. Over 44% of
the feedstock energy was recovered in the gas phase. The HHV
of char showed a transition of 28% of the feedstock energy in
the solid residue. Here, 18% and 10% of the energy from the
feedstock were converted to the bio-oil and aqueous phase,
respectively. The energy of the aqueous phase is the lowest
recovered energy due to the low carbon content of the water
phase. As a result, more than 70% of the feedstock energy is
recovered in the gas and char phases.
The total energy balance of the entire system is shown in
Figure 3b. The input energy includes the following: energy of
TCR-2 (QTCR) and feedstock energy (QF). The output energy
includes the following: chemical energy of the bio-oil (QB),
aqueous phase (QA), char (QC), and gas (QG) and sensible
heat loss (QH). The heat loss is assumed to be negligible. At
steady state conditions, the energy balance of entire system is
as follows:
∑ ∑+ = + + +Q Q Q Q Q Q( ) ( )TCR F B A C G (3)
The conditions of the import and export were considered to
be at standard values (25 °C and 1 atm), and all energy values
(input and output) were calculated per kilogram of feed-
stock.29 The chemical energies of feedstock, bio-oil, aqueous
phase, char, and gas were calculated based on their HHVs. The
TCR heat input for pyrolyzing of FMW was 60 MJ/kg which is
4.2 K·Wh/kg.
3.3. Product Compositions. Table 2 shows the TCR gas
composition detected by the gas analyzer. The process
generated gases with a higher heating value of approximately
17 MJ/Nm3. The high heating value was attributed to the high
methane yields, and methane was found to be the greatest
constituent within the gases reaching over 23 vol %. Methane
Figure 2. Weight loss behavior of the FMW with TG and DTG
curves.
Figure 3. (a) Mass balance (weight percentage basis) and product energy distribution (energy percentage basis) and (b) total energy distribution
of entire system.
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yields increased at the expense of H2, which can be explained
by a partial methanation of syngas over FMW biochar, or the
hydrogenation of coke deposited on the biochar in the
postreforming stage.
The selectivity of methanation reactions (C + 2H2 ↔ CH4)
could be triggered by the catalytically active biochar in the post
reforming section of the TCR. Zu et al.30 carried out
methanation of syngas over a biochar supported catalyst.
They eﬀectively utilized rick husk derived activated biochar
(ABC) as a catalyst support to Ru. The Ru/biochar catalyst
showed excellent catalytic activity through the methanation of
syngas. The selectivity of the methanation reaction reached
98% under the optimized conditions.30 Similar results have
also been reported by Wang et al.31 during H2 supplemented
methanation of syngas over Ru/ABC catalyst. CH4 yield and
selectivity have been reported at 54% and 92%, respectively.31
Taking the above studies into account, it can be hypothesized
that the syngas would have partially catalyzed in the presence
of catalytically active FMW biochar containing alkali and
alkaline earth metals (AAEMs) to favor methane formation.
Similarly methanation reactions can also occur through coke
deposited on the FMW biochar. Tar cracking over the
pyrolysis biochar is very well documented in several studies
which can also produce coke due to poly alkylation and
condensation of aromatics in the gas phase.32 As a result, the
coke can deposit over the char and react with hydrogen to
produce methane. The possibility of increased methane due to
hydrogenation of coke can be supported by the ﬁndings of
Maneewan et al.33 who investigated the catalytic activity of
pyrolyzed biochar on the product distribution and tar cracking
in pyrolysis and hydro-gasiﬁcation of wood. In both cases, they
found a notable catalytic activity of biochar prepared at 750 °C
which inﬂuenced the carbon conversion levels to higher syngas
and methane yield (∼ 6%) and lower CO formation (8.8%).
They concluded that coke formed as a result of tar deposition
on the biochar was hydrogenated to yield additional
methane.33 This eﬀect can further be corroborated by Harvey
et al.34,35 who report tar cracking and the subsequent coking
on the food-waste biochar.
Table 3 presents the FMW biochar composition (moisture
free basis) and the metals retained within the char ash after
thermo-chemical conversion of the FMW. The FMW biochar
has proved more carbonaceous than the TCR biochars derived
from MSW28 and sewage sludge.36 It had a higher heating
value of 24 MJ/kg which is comparable to sub-bituminous
coal.25 ICP metal analysis showed that Ca was the major
constituent in the biochar ash.
Table 4 presents the ultimate analysis (moisture free basis)
and the fuel properties of the FMW bio-oil. The higher heating
value (HHV) was estimated approximately 37 MJ/kg which is
greater than woody biomass.22 The highlighting point is the
deoxygenation of the bio-oil (O <5 wt %) due to tar cracking
over the FMW biochar in the post reformer. Harvey et al.
reported catalytic activity of food waste biochar to promote tar
cracking. They used a mixture of activated food waste (FW)
and coagulation-ﬂocculation sludge (CF) biochars produced at
700 °C for the cracking of ethyl-benzene. The FW/CF biochar
proved to be extremely eﬀective with 85% tar conversion.34
This biochar catalytic activity is ascribed to ash which is
retained by the char. The ash contains inorganic species (K, P,
Ca, Fe, Mg) which add a catalytic eﬀect to the biochar.32 As it
can be seen in the Table 3 that the FMW char obtained at 700
°C postreforming temperature contains alkali metals which are
known for tar tracking and deoxygenation at elevated
temperatures. Ca and K are of the major metal constituents
which were present in the FMW biochar; Ca is known for
deoxygenating the bio-oil37 while K suppresses the formation
of long chain molecules.32,34 Therefore, it can be inferred that
Ca and K played their catalytic part in inﬂuencing the bio-oil
composition and properties.
Figure 4 represents the GC-MS of FMW bio-oil, and Table 5
shows the major detectable chemical compounds in the FMW
derived bio-oil. The bio-oil was largely composed of aromatic
hydrocarbons such as toluene, benzene, naphthalene and its
isomers, indene, ﬂuorene, pyrene, etc. The higher aromaticity
of the bio-oil may be explained by the high amount of protein
in the FMW, where amino acids largely converted to aromatics
due to scission in the polymer chain and cleavage of the side
chain (R-group).38
Table 2. Permanent Gas Compositions
component unit average yield
H2 vol % 19.05
CO vol % 17.54
CO2 vol % 18.27
CH4 vol % 23.49
CxHy vol % 2.90
others vol % 18.75
HHV MJ/N·m3 16.88
Table 3. FMW Biochar Composition and ICP Metal
Analysis
unit value
C wt % 63.75
H wt % 2.05
N wt % 4.36
S wt % 0.45
O (diﬀerence) wt % 4.79
ash wt % 24.6
HHV MJ/kg 23.64
LHV MJ/kg 23.47
Ca % 9.64
Na % 4.22
K % 3.84
P % 2.31
Fe % 1.59
Mg % 0.34
Al % 0.26
Table 4. FMW Bio-oil Composition and Fuel Properties
unit value
C wt % 81.48
H wt % 7.41
N wt % 6.34
S wt % 0.68
O (diﬀerence) wt % 3.85
ash wt % 0.24
moisture wt % 1.89
kinematic viscosity cSt 40 °C 6.3
TAN (total acid number) mg KOH/g 11.7
HHV MJ/kg 36.72
LHV MJ/kg 36.56
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Naphthalene was detected to be the most abundant aromatic
compound within the oil, with a relative abundance of 12.95%.
It appears that the oxygenated organic compounds were
catalytically reformed into aromatics by the FMW char. Due to
tar cracking and deoxygenation, the bio-oil was found to have
less viscosity (6.3 cSt) and lower moisture (1.89 wt %).
The low water content (1.89 wt %) is an advantage as it will
not cause further phase separation and instability problems
during storage. However, the acid number was high due to the
abundance of aromatics in the bio-oil. High acidity can cause
corrosion in the components of the fuel system,39 whereas the
presence of high nitrogen in the bio-oil will promote NOx
emission during combustion; therefore, it must be stripped out
of the bio-oil prior to engine application.40
Table 6 shows the ultimate analysis of the FMW aqueous
fraction of bio-oil (moisture free basis). The HHV of the
aqueous phase was estimated approximately 6 MJ/kg which is
too low in comparison with the HHV of bio-oil (37 MJ/kg).
The aqueous fraction contains high oxygen content in
comparison with a bio-oil fraction which are 77 and 3.8 wt
%, respectively. The aqueous phase of bio-oil is a complex
mixture of oxygenated compounds including alcohols, acids,
ketones, and aldehydes.41,42
Promising research has reported that the aqueous fraction of
bio-oil can be used in wide range of applications such as crop
growth promotion, crop pest control, deodorizing, composting,
feed additives, coagulating, and antifungal agents.43,44 As a
result, water treatment is essential to remove all organic and
acid compounds before disposal.
4. CONCLUSIONS
The conversion of food and market waste (FMW) into biofuel
via TCR can prove to be a sustainable pathway for the disposal
of food and market waste. The conditioning of feedstock,
drying in particular, is a prerequisite due to its high initial
moisture content. The FMW biochar appeared to have cracked
and reformed heavy molecular weight organic compounds
which caused deoxygenation of the bio-oil. This reduces
downstream processing requirements for oil upgrading if the
oil is to be used as drop in fuels for transport. The bio-oil
showed a high caloriﬁc value (37 MJ/kg) with a low viscosity
(6.3 cSt) and low water contents (1.2 wt %). However, the
FMW permanent gas composition was found to be lean in
hydrogen and rich in methane which resulted in a high overall
syngas caloriﬁc value. An energy dense char was also produced
by the process which would be suitable to be used as a fuel in
combustors and/or gasiﬁers. Overall, the experimental results
are promising for waste conversion into sustainable fuels.
■ AUTHOR INFORMATION
Corresponding Author
*Tel.: +44 (0) 121 414 5304. E-mail: h.jahangiri@bham.ac.uk.
ORCID
Miloud Ouadi: 0000-0003-1575-3163
Hessam Jahangiri: 0000-0001-5456-7019
Andreas Hornung: 0000-0002-9743-7561
Notes
The authors declare no competing ﬁnancial interest.
■ ACKNOWLEDGMENTS
The authors would like to acknowledge the HORIZON 2020
ﬂexJET Project for ﬁnancial support. This project has received
funding from the European Union’s Horizon 2020 research
and innovation programme under grant agreement No.
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Table 5. GC-MS (Polar Column) of the FMW Bio-oil
(Organic Phase)
no. compound
retention time
(min)
relative abundance
(%)
1 toluene 3.33 8.30
2 p-xylene 4.76 4.09
3 ethyl-benzene 4.79 2.65
4 styrene 5.24 11.39
5 benzene, 1-ethyl 2-methyl 7.01 4.45
6 indene 7.86 5.66
7 benzene,1-methyl-4-[1-
propynyl]-
9.53 3.44
8 naphthalene 10.08 12.95
9 quinoline 10.86 3.35
10 naphthalene, 2 methyl 11.68 5.13
11 naphthalene, 1 methyl 11.91 5.70
12 biphenyl 12.81 3.77
13 acenaphthylene 13.76 6.27
14 ﬂourene 15.40 4.32
15 propane, 2-methyl-1,1-
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17.62 6.69
16 phenanthrene 17.73 3.68
17 pyrene 20.94 4.32
18 4-[1H-indol-4[1,2-methyl] 23.89 2.01
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Table 6. FMW Aqueous Phase Composition
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LHV MJ/kg 6.06
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A.; Geŕente, C.; Berhanu, S.; Chesnaud, A.; Thorel, A.; Le Coq, L.;
Nzihou, A. Reactivity and deactivation mechanisms of pyrolysis chars
from bio-waste during catalytic cracking of tar. Appl. Energy 2019,
237, 487−499.
(36) Conti, R.; Jag̈er, N.; Neumann, J.; Apfelbacher, A.; Daschner,
R.; Hornung, A. Thermocatalytic Reforming of Biomass Waste Streams
2017, 5 (1), 104−110.
Energy & Fuels Article
DOI: 10.1021/acs.energyfuels.9b01650
Energy Fuels 2019, 33, 9843−9850
9849
(37) Lin, Y.; Zhang, C.; Zhang, M.; Zhang, J. Deoxygenation of Bio-
oil during Pyrolysis of Biomass in the Presence of CaO in a Fluidized-
Bed Reactor. Energy Fuels 2010, 24 (10), 5686−5695.
(38) Kebelmann, K.; Hornung, A.; Karsten, U.; Griffiths, G.
Thermo-chemical behaviour and chemical product formation from
Polar seaweeds during intermediate pyrolysis. J. Anal. Appl. Pyrolysis
2013, 104, 131−138.
(39) Yang, Y.; Brammer, J. G.; Ouadi, M.; Samanya, J.; Hornung, A.;
Xu, H. M.; Li, Y. Characterisation of waste derived intermediate
pyrolysis oils for use as diesel engine fuels. Fuel 2013, 103, 247−257.
(40) Arazo, R. O.; Genuino, D. A. D.; de Luna, M. D. G.; Capareda,
S. C. Bio-oil production from dry sewage sludge by fast pyrolysis in an
electrically-heated fluidized bed reactor. Sustainable Environment
Research 2017, 27 (1), 7−14.
(41) Kechagiopoulos, P. N.; Voutetakis, S. S.; Lemonidou, A. A.;
Vasalos, I. A. Hydrogen Production via Steam Reforming of the
Aqueous Phase of Bio-Oil in a Fixed Bed Reactor. Energy Fuels 2006,
20 (5), 2155−2163.
(42) Black, B. A.; Michener, W. E.; Ramirez, K. J.; Biddy, M. J.;
Knott, B. C.; Jarvis, M. W.; Olstad, J.; Mante, O. D.; Dayton, D. C.;
Beckham, G. T. Aqueous Stream Characterization from Biomass Fast
Pyrolysis and Catalytic Fast Pyrolysis. ACS Sustainable Chem. Eng.
2016, 4 (12), 6815−6827.
(43) Rui, Z.; Wei, D.; Zhibin, Y.; Chao, Z.; Xiaojuan, A. J. J. C. P. R.
Effects of wood vinegar on the soil microbial characteristics. Chem.
Pharmaceut. Res. 2014, 6 (3), 1254−1260.
(44) Baimark, Y.; Niamsa, N. Study on wood vinegars for use as
coagulating and antifungal agents on the production of natural rubber
sheets. Biomass Bioenergy 2009, 33 (6), 994−998.
Energy & Fuels Article
DOI: 10.1021/acs.energyfuels.9b01650
Energy Fuels 2019, 33, 9843−9850
9850
